which are thought to deacetylate histones on the proactivity to repress transcription. The results then demonmoter and thereby promote nucleosome formation. One strate fundamental differences in the mechanism of tranof the best studied of these repressors is Mad, which scriptional repression by Rb and p107 and suggest that forms a heterodimer with Max that binds to E boxes on p107 may only have a subset of the repressor activities promoters (Ayer et al., 1995; Alland et al., 1997; Hassig of Rb. et al., 1997; Laherty et al., 1997) . These E boxes would otherwise bind to the complex of c-myc/Max, which is Results a transcriptional activator (Ayer and Eisenman, 1993) . Three different histone deacetylases, have Rb Interacts with HDAC In Vivo been identified in mammalian cells (Grunstein, 1997) .
To determine whether Rb associates with HDAC in vivo, These proteins appear to have overlapping activities expression vectors for Rb, which were tagged with the and are similar to the histone deacetylase RPD3 from DNA-binding domain of the yeast transcription factor yeast. Mad does not interact directly with HDAC; a tranGal4, and flag-tagged HDAC1 were cotransfected into scriptional corepressor mammalian Sin3 (mSin3) binds the Rb (Ϫ) C33A cell line. Immunoprecipitation of tagged to Mad and appears to tether MAD to HDAC (Ayer et Rb followed by Western blot analysis of the precipitants al., 1995; Alland et al., 1997; Hassig et al., 1997; Laherty for the presence of HDAC1 indicated an interaction beet al., 1997). Two forms of mSin3 have been identified, tween the proteins ( Figure 1A ). As a positive control, an mSin3A and mSin3B, which also appear to have overlapexpression vector for Gal4-Mad was cotransfected with ping functions (Grunstein, 1997) . mSin3A and mSin3B flag-HDAC1. As with Rb, Mad coimmunoprecipitated appear to be homologs of the yeast corepressor Sin3, with HDAC1 as reported previously (Alland et al., 1997 ; which is found in a complex with the histone deacetylase Hassig et al., 1997; Laherty et al., 1997) . A Western RPD3. As with Mad, other repressors that have been blot revealed that Mad was expressed at a significantly found to associate with HDAC also appear to contain higher level than Rb; nevertheless, interaction of Mad mSin3 in the complex (Alland et al., 1997; Heinzel et al., and Rb with HDAC1 appeared similar. As negative con-1997; Kodosh and Struhl, 1997; Nagy et al., 1997; trols, Gal4 alone showed no binding to HDAC1, and a et al., 1997). However, this is not yet clear with YY1, Cys to Phe mutation at amino acid 706 in domain B of which binds directly to HDAC .
the Rb pocket that inhibits growth suppression by Rb In addition to E2F and other transcription factors, Rb (Kaye et al., 1990) blocked interaction with HDAC1. Likehas been shown to interact with proteins that are imporwise, a point mutation in Mad that blocks association tant for regulating chromatin structure: BRG1, a tranwith HDAC prevented the coimmunoprecipitation of scriptional activator that appears to function by remodMad and HDAC1. Neither expression of Mad nor Rb eling chromatin (Dunaief et al., 1994) ; TAF250, which has histone acetylase activity (Shao et al., 1995;  Mizzen had any effect on expression of HDAC1 in these assays et al., 1996) ; and Rbap48, which associates with chro-( Figure 1C ). matin assembly factor-1 as well as HDAC (Qian et al., 1993; Roth and Allis, 1996; Taunton et al., 1996) . These Rb Pocket Domains A and B Interact to Form interactions suggest that Rb may repress transcription the Site of Association with HDAC1 at least in part by interacting with proteins that remodel Previously, we have found that the region of Rb known chromatin. Here, we demonstrate that Rb also associas the small pocket (amino acids 379 to 792) is the ates with histone deacetylase; however, in contrast to repressor motif (Weintraub et al., 1995) . This region of the other repressors, mSin3A was not detected in the Rb is sufficient, when tethered to a promoter through a complex between Rb and histone deacetylase. InteracGal4 DNA-binding domain, to efficiently block transcription between domain A and B in the Rb pocket forms tion even when placed far upstream of strong viral proa site for association with histone deacetylase. We premoters. Two conserved regions within the pocket, dosent evidence that recruitment of histone deacetylase mains A (amino acids 379-602) and B (amino acids by either Rb or Mad results in a decrease in acetylated 646-792), interact to form the repressor motif (Chow histone H3 associated with the promoter in vivo, consisand Dean, 1996; Chow et al., 1996) . Alone, the domains tent with the idea that this recruitment indeed results in have no repressor activity, but when they are coexdeacetylation of histones bound to the promoter. Interpressed on separate proteins they can interact very effiestingly, we show that this Rb-mediated recruitment ciently to reform the repressor motif. Neither domain A of histone deacetylase can only repress a subset of nor domain B alone was able to interact significantly with promoters and transcription factors. The activity of other HDAC1 in vivo ( Figure 1A ). However, when the domains promoters and transcription factors appears resistant to were coexpressed on separate proteins, they did form recruitment of histone deacetylase, but these promoters a complex that interacts efficiently with HDAC1 (Figure and transcription factors are still blocked by Rb through 1D). The amino acid 706 mutation in domain B of the direct inhibition of transcription factors. Thus, Rb can Rb pocket, which we show above fails to interact with block transcription through two separate mechanisms, HDAC1 ( Figure 1A ), prevents interaction of domains A and both mechanisms are required to account for the and B (Chow et al., 1996) . Taken together, our results pattern of promoters repressed by Rb. Surprisingly, we suggest that the binding of Rb domains A and B forms found that even though Rb and p107 appear to share a site of interaction with HDAC. significant structural similarity within the pocket represmSin3 acts as a corepressor that appears to link Mad sor motif, p107 does not interact with histone deacetylase and does not depend upon histone deacetylase (and other repressors) to HDAC (Ayer et al., 1995 Hassig et al., 1997; Heinzel et al., 1997;  efficient transcriptional repressor that binds to E boxes and regulates muscle differentiation. Kodosh and Struhl, 1997; Laherty et al., 1997; Nagy et al., 1997; Zhang et al., 1997) . We wondered whether mSin3 might also link Rb to HDAC. Therefore, Rb (or Mad Endogenous Rb and HDAC1 Interact In Vivo Next, we asked whether HDAC1 and Rb would coimmuas a control) was overexpressed along with mSin3A, and association was followed by a coimmunoprecipitation noprecipitate without overexpression of the proteins. Extracts from CV1 cells, which are Rb (ϩ), were immunoassay. No interaction with Rb was detected (results not shown; D. E. Ayer, personal communication) . Therefore, precipitated with anti-HDAC1 antibody, and the precipitated proteins were then Western blotted for Rb. The we conclude that while mSin3A appears to tether Mad to HDAC, interaction of Rb with HDAC does not appear results suggest that a significant amount of the cellular Rb is indeed complexed with HDAC1 ( Figure 1H ). Addito involve mSin3.
Like Rb, the Rb family protein p107 acts as a transcriptionally, these assays were done in the reverse order compared to assays in Figures 1A-1G ; that is, HDAC1 tion repressor . p107 also contains a pocket motif, and there is sequence similarity between was immunoprecipitated and associated Rb was detected by Western blot. Therefore, the association beconserved domains A and B in Rb and p107; however, the spacer sequence between the domains is signifitween Rb and HDAC1 has been shown both with tagged proteins derived from transfections (using antibodies to cantly larger in p107, and this region of p107 interacts with cyclin A/cdk2 (Zhu et al., 1993) . We have found the tags) and between the endogenous proteins. Additionally, the association between the proteins has been that, like Rb, domains A and B from p107 interact to form the repressor motif and that the domains from Rb detected by immunoprecipitation of Rb followed by Western blotting for HDAC1 and the reverse, immunoand p107 are somewhat functionally interchangeable (Chow et al., 1996) . Surprisingly, coimmunoprecipitaprecipitation of HDAC1 followed by Western blotting for Rb. tion assays revealed no interaction between p107 and HDAC1 ( Figures 1E-1G ). As another negative control, Rb migrates as two distinct complexes on gel electrophoresis-a more slowly migrating hyperphosphorywe found that the zinc finger/homeodomain repressor ZEB (Postigo and Dean, 1997) also did not coimmunolated (inactive) form and a more rapidly migrating hypophosphorylated (active) form. It appears that HDAC1 precipitate with HDAC1 in these experiments. ZEB is an The indicated expression vectors were cotransfected with G5MLPCAT, which contains Gal4 DNA-binding sites upstream of the MLP driving the CAT gene; pCAT, a minimal promoter containing Gal4 sites upstream of the adenovirus E1b TATA box driving the CAT gene; or pE2F-CAT, which contains E2F sites upstream of the TATA box in pCAT, into Rb (Ϫ) C33A cells (Experimental Procedures). "TK" indicates the herpes virus thymidine kinase promoter driving the CAT gene-Gal4 sites are located approximately 50 bp upstream of the promoter . Where indicated, transfected cells were treated with Trichostatin A (TSA) (Experimental Procedures). As a control, Trichostatin A enhanced activation by the G-Mad-VP16 fusion protein as described (Laherty et al., 1997) . "G" indicates Gal4. Results are representative of at least three separate experiments, each in duplicate.
associates selectively with the hypophosphorylated to HDAC correlates with the ability to repress transcription in a histone deacetylase-dependent fashion. Addiform ( Figure 1H We have demonstrated previously that Rb can efficiently when targeted to the promoter either normally through interaction with E2F or artificially as a fusion protein with repress transcription from the SV40 enhancer (the 72 bp repeats) (Weintraub et al., 1995;  Chow and Dean, the DNA-binding domain of the yeast transcription factor Gal4. When Gal4 DNA-binding sites were cloned up-1996) . However, surprisingly, Trichostatin A had little or no effect on this repression of the SV40 enhancer (Figure stream of the adenovirus major late promoter (MLP) driving the CAT gene and a Gal4-Rb fusion protein was 3). Additionally, although Mad repressed the MLP even more efficiently than Rb, it had little effect on the SV40 coexpressed, MLP activity was inhibited ( Figure 2 ). We then used the drug Trichostatin A, which specifically enhancer ( Figure 3 ). We conclude that the MLP is sensitive to recruitment of histone deacetylase and is reand irreversibly inhibits histone deacetylases (Taunton et al., 1996) , to determine whether histone deacetylase pressed by Mad and Rb through this mechanism. However, the SV40 enhancer appears insensitive, and thus activity is required for Rb-mediated repression of the major late promoter. Trichostatin A blocked most of the its activity is not blocked by Mad. Repression of the SV40 enhancer by Rb would then appear to be through repression, suggesting that the Rb repression is indeed dependent upon histone deacetylase activity. The mutaa mechanism other than recruitment of histone deacetylase. We have suggested previously that Rb can repress tion at amino acid 706 of Rb, which blocks interaction with HDAC1 ( Figure 1A) , also blocked the ability of Rb transcription by interacting directly with transcription factors at the promoter and blocking their association to repress the MLP. As a positive control, Gal4-Mad also inhibited MLP activity, and this repression was also with the basal transcription complex (Weintraub et al., 1995) . We propose that this mechanism is required to blocked by Trichostatin A. The Mad mutant did not repress. As an additional positive control, we used a fusion repress the SV40 enhancer. We also examined a third promoter in these studies, protein between Gal4, Mad, and VP16 whose transcriptional activity has been shown to be enhanced by Trithe herpes virus thymidine kinase promoter (TK). Like the adenovirus major late promoter, the TK promoter chostatin A (Figure 2 ; Hassig et al., 1997; Laherty et al., 1997) .
was efficiently repressed by both Rb and Mad (Figure 2) , and, as with the MLP, repression by Mad was completely Both p107 and ZEB efficiently blocked transcription from the MLP, but, in contrast to Rb and Mad, this prevented by Trichostatin A. However, repression of the TK promoter by Rb was essentially unaffected by Trirepression was completely unaffected by Trichostatin A (Figures 1E-1G ). These results suggest that binding chostatin A. One possible explanation for these results Experiments were done together with those in Figure 2 . The indicated reporters and expression vectors were cotransfected into Rb (Ϫ) C33A cells (similar results were seen in CV-1 cells). The reporters are pGL-CAT (Chow and Dean, 1996) , containing both Gal4-and Lex A-binding sites driving CAT; pG-CAT, where the Lex A sites are deleted; and pSVEC, containing the SV40 72 bp repeats upstream of the E1B TATA box driving CAT (Chow and Dean, 1996) . Expression vectors were cotransfected as indicated (Experimental Procedures). "G" indicates Gal4 and "L" Lex A. Results are representative of at least three separate experiments, each in duplicate.
is that the TK promoter is indeed sensitive to recruitment We found that repression of PU.1 by Rb was unaffected by Trichostatin A (Figure 3) . Likewise, Trichostatin of histone deacetylase activity, as evidenced by its repression by Mad and the release of the repression by A had no effect on Rb repression of the NFB transcription factor p65, which is repressed by Rb in the same Trichostatin A. But Rb, in addition to recruiting histone deacetylase, may also inhibit TK promoter activity by fashion as PU.1 (Weintraub et al., 1995) . We conclude that Rb represses these transcription factors by binding direct inhibition of transcription factors, as we propose for the SV40 enhancer. If this is the case, then Trichothem and that the mechanism does not required histone deacetylase activity. statin A would be unable to relieve repression of the TK promoter by Rb. TK may then be an example of However, in marked contrast to PU.1 and p65, Trichostatin A completely reversed the inhibition of another a promoter that can be repressed by Rb through two separate mechanisms.
transcription factor, USF, by Rb ( Figure 3 ). This latter finding is particularly interesting given that USF is an important activator of the adenovirus major late proRb-Mediated Repression of PU.1 and p65 moter. Thus, one reason for the sensitivity of the major Transcription Factors Is Independent late promoter to histone deacetylase activity may be its of Histone Deacetylase Activity, dependence upon USF. whereas Repression of USF Is
As a negative control in these experiments, Rb had Dependent on This Activity no effect on the transcriptional activity of Sp-1 (Figure One of the transcription factors that Rb can repress 3), as reported previously (Weintraub et al., 1995) . One directly at the promoter is the ETS family member PU.1 reason for this lack of inhibition is that Rb does not bind (Weintraub et al., 1995) . While Rb is bound to the proSp-1 and thus cannot block its activity directly at the moter through interaction with E2F or as a fusion protein promoter (Weintraub et al., 1995) . Additionally, Sp-1 has with the DNA-binding domain of Gal4, it can interact been shown to interact with histone H3, and this is simultaneously with PU.1 through a site independent of thought to inhibit nucleosome formation (Hartzog and the E2F-1 binding site, and this interaction prevents Winston, 1997). Thus, Rb-mediated recruitment of a binding of PU.1 to the TFIID complex and, specifically, deacetylase may not be able to restore nucleosome to TBP in this complex. To block PU.1 activity, Rb must formation because Sp-1 directly blocks nucleosome forfirst be concentrated at the promoter through a high mation. It is then interesting to note that CTF-1 is also affinity interaction with E2F or artificially through a high not repressed by Rb (Weintraub et al., 1995) . As with affinity interaction with DNA as a Gal4 fusion protein.
Sp-1, Rb does not bind CTF-1 and thus cannot directly Rb cannot be directly targeted to PU.1 without first being inhibit its activity. Additionally, CTF-1 also interacts with concentrated at the promoter (Figure 3 ; Weintraub et histone H3 to disrupt nucleosome structure (Alevizoal., 1995) . We suggest that the high affinity interaction poulos et al., 1995) . that normally occurs between Rb and E2F serves to Rb is normally recruited to cell cycle genes through target Rb to the proper set of cell cycle genes, thus an interaction with E2F. This interaction not only tethers assuring promoter specificity in the same fashion that an active repressor to the promoter, Rb binds to the high affinity interactions between transcriptional activatransactivation domain of E2F and blocks its transcriptors and DNA sequences target the activators to specific tional activity. It has been assumed that binding of Rb promoters (where they subsequently interact with comblocks E2F activity by sterically inhibiting the transactiponents of the basal transcription complex through relavating domain. Therefore, it seemed unlikely that inhibition of E2F activity by Rb would be dependent upon tive low affinity interactions).
histone deacetylase activity. To determine whether the ( Figures 4A-4C) . As a control, recruitment of Rb with the Cys to Phe mutation at amino acid 706 (which blocks block in E2F activity by Rb is dependent upon histone binding to HDAC) or Gal4 alone had no effect on acetdeacetylase activity, a reporter construct containing a ylated histone H3 on the promoter. Also as a control, minimal promoter (TATA box) and E2F sites driving the no MLP was detected when experiments were done in CAT gene was transfected into Rb (Ϫ) C33A cells along the absence of anti-acetylated H3 antibody. The results with an expression vector for Rb. Rb blocked the activity are consistent with the idea that the loss of acetylated of the E2F sites, and, surprisingly, this Rb-mediated histone H3 on the promoter is the result of histone inhibition was partially prevented by Trichostatin A deacetylation by Rb-HDAC and Mad-HDAC complexes. (Figure 2) . These results suggest that binding of Rb to These CHIP assays provide the first evidence that E2F does not block transcriptional activity entirely by recruitment of an HDAC-associated repressor to the sterically inhibiting the E2F transactivation domainpromoter can decrease the level of histone acetylation recruitment of histone deacetylase appears to be imporat the promoter in vivo. The studies complement those tant for this inhibition. It is then interesting to note that described above with the histone deacetylase inhibitor E2F-1 has been shown to interact with the histone acetTrichostatin A and provide an independent line of eviylase p300/CBP (Trouche and Kouzarides, 1996) ; thus, dence that both Rb and Mad can repress transcription it is conceivable that the HDAC recruited by Rb is funcby decreasing histone acetylation. tioning to counteract the intrinsic histone acetylase activity of the E2F-1-p300/CBP complex. Rb (thymidine kinase and dihydrofolate reductase, but 1997). It has also been shown that direct recruitment of not PCNA, E2F-1, B-Myb, or ribonucleotide reductase) HDAC to the TK promoter as a Gal4 fusion protein results ( Figure 5A ). Next, we wondered whether this repression in transcriptional repression (Jeong and Stein, 1994;  by Rb was dependent upon histone deacetylase activity. Yang et al., 1997) , presumably as a direct result of To test this, the cells were treated with Trichostatin A. In deacetylation of histones associated with the promoter. the presence of tetracycline, where Rb is not expressed, Antibodies have been developed that recognize speTrichostatin A had no detectable effect on expression of cifically the acetylated form of histone H3. These antiany of the genes in the Rb (Ϫ) cells ( Figure 5A ). However, bodies have been used in yeast and tetrahymena for Trichostatin A treatment did substantially reverse the chromatin immunoprecipitation assays (CHIP) to examRb-mediated repression of the thymidine kinase and ine the amount of acetylated histone associated with dihydrofolate reductase genes. These results suggest plasmid promoters (Dedon et al., 1991; Braunstein et that histone deacetylase activity is important for Rbal., 1993) . We have adapted this assay to mammalian mediated repression of these endogenous genes. cells and use it here to show that recruitment of Rb or Next, we wondered whether inhibition of histone Mad to the MLP results in a decrease in acetylated deacetylase might derepress genes with E2F sites in histone on the promoter in vivo.
Histone Deacetylase Activity and Rb Repression of Endogenous Cell Cycle Genes
osteosarcoma cells containing a wild-type level of Rb. For these experiments, the MLP plasmid was transOverexpression of Rb in the SAOS-2 cells may lead to fected into CV1 cells along with Gal4-Rb, Gal4-Rb706, a loss in specificity in target genes. It has been demonGal4-Mad, or the parent vector expressing Gal4 only. strated previously using fibroblasts derived from geneExtracts from the transfections were split into two parts. knockout mice that Rb and p107/p130 appear to be One third was used as a control to determine the total necessary for repression of distinct subsets of genes amount of transfected plasmid in the cell by PCR ampliwith E2F sites (Hurford et al., 1997) . For our experiments, fication of the MLP. The other two-thirds were imwe used the Rb (ϩ) osteosarcoma cell line U2OS (the munoprecipitated with anti-acetylated histone H3 antiRb [ϩ] counterpart of the SAOS-2 cells). Treatment of body. Coimmunoprecipitated MLP was then detected U2OS cells with Trichostatin A induced expression of by PCR. We found that much of the MLP is associated p107 and dihydrofolate reductase mRNAs ( Figure 5B ). with acetylated histone H3, but that recruitment of Gal4-Repression of p107 was shown previously to be depenRb or Gal4-Mad to the promoter decreased acetylated dent upon Rb (Hurford et al., 1997) . In contrast, ribonucleotide reductase, thymidine kinase, and PCNA genes histone H3 on the promoter to an undetectable level (C) G5MLPCAT (see Figure 2) was transfected into CV1 cells along with expression vectors for Gal4-Rb (G-Rb), Gal4-Rb706 (G-Rb706), Gal4-Mad (G-Mad), or the parent expression vector expressing only Gal4 (see Figures 2  and 3 ). Acetylated histone H3 on the MLP was determined by a CHIP assay as described in Experimental Procedures. Cell lysate from the transfections was split into two parts. One-third was used to determine total transfected MLP DNA by ethanol precipitation of cell lysates followed by PCR amplification of promoter sequences (total MLP). The other two-thirds of the extract was then used to analyze MLP associated with acetylated histone H3 (Ac-Histone MLP). Association was analyzed by immunoprecipitation with an antibody specific for the acetylated form of histone H3 followed by PCR amplification of the coimmunoprecipitated promoter. The PCR product (248 bp) was then separated on an agarose gel. "Total MLP-no Ab" indicates total MLP from assays where anti-acetylated histone H3 was not added. Results are representative of three independent experiments.
were not activated by Trichostatin A treatment-these upon histone deacetylase activity. Taken together, our results suggest that the two mechanisms of repression genes were shown to be dependent upon p107/p130 for repression (Hurford et al., 1997) . It is of note that by Rb are selective: some promoters are repressed by one mechanism, whereas other promoters are rethymidine kinase was repressed when Rb was overexpressed in the SAOS-2 cells, and this repression was pressed by the second mechanism. Thus, both mechanisms are necessary to explain the pattern of promoter relieved by Trichostatin A. Conceivably, this overexpression of Rb is leading to nonspecific repression of thymirepression by Rb. What, then, is the balance between the two repression dine kinase. Alternatively, Rb is only partially active in the U2OS because they are p16 (Ϫ); thus, it may not be mechanisms, and are both required for growth suppression by Rb? Most of the promoters and transcription able to efficiently repress all susceptible genes in these cells. Nevertheless, none of the E2F site-containing factors that we tested were not dependent upon histone deacetylase activity for repression by Rb, suggesting genes tested were activated by Trichostatin A treatment alone in the Rb (Ϫ) SAOS-2 cells ( Figure 5A ), providing that direct inhibition of transcription factors may be the predominant mechanism of repression. In support of additional linkage between histone deacetylase activity and repression of endogenous genes by Rb.
this possibility, the Rb family member p107, which appears to share many structural similarities with Rb in the repressor motif, does not interact with HDAC and Discussion does not require histone deacetylase activity to repress transcription. Like Rb, overexpression of p107 in the cell We present evidence here that Rb can repress transcription through two distinct mechanisms. The first is direct will suppress growth; thus, it appears that p107 is able to arrest cells in G1 without recruiting HDAC. However, inhibition of transcription factors at the promoter. This is demonstrated with PU.1 and p65 and also appears there are concerns regarding overexpression studies with Rb family members in that the overexpression may to be the case with the SV40 enhancer, where histone deacetylase activity is not required for repression by lead to nonphysiological interactions with cellular proteins that artifactually squelch pathways essential for Rb. However, Rb repression of another promoter, the MLP, is dependent upon histone deacetylase activity. cell proliferation. Thus, results from such studies must be interpreted carefully. Nevertheless, it appears that And accordingly, Rb repression of the transcription factor USF, a regulator of the MLP, is likewise dependent p107 only retains a subset of the repressor activities of multiple enhancers. In these types of promoters, E2F sites function primarily as silencers where transcription is blocked by the Rb-E2F repressor complex. Many of these more complex promoters may be relatively resistant to histone deacetylase activity (as appears to be the case with the SV40 enhancer) and thus may require direct inhibition of transcription factors at the promoter by Rb to repress transcription. Why might some promoters be resistant or partially resistant to recruitment of histone deacetylase activity? Possibly, complex promoters such as the SV40 enhancer may offset or partially offset histone deacetylase activity by containing binding sites for a number of transcription factors that recruit histone acetylases such as the coactivator p300/CBP, which not only has histone acetylase activity itself, it also forms a complex with another histone acetylase, p/CAF . A large and growing number of transcription factors has been shown to associate with p300/CBP (Eckner et al., 1994 (Eckner et al., , 1996 Bhattacharya et al., 1996; Chakravarti et al., 1996; Oliner et al., 1996; Yao et al., 1996; Zhang et al., 1996; Perkins et al., 1997; Puri et al., 1997; Sartorelli et al., 1997) . In a promoter with a large number of enhancers that recruit histone acetylase, the balance may remained tipped toward histone hyperacetylation (inhibition of nucleosome formation) even if Rb or another repressor is able to recruit HDAC.
Since E2F-1 also interacts with p300/CBP to activate the binding site for these transcription factors is independent from the E2F binding site (Weintraub et al., Rb , and this may be important for p107 function in the 1995). This is important because it allows Rb to interact cell.
simultaneously with surrounding transcription factors Our finding that efficient inhibition of E2F by Rb rewhile tethered to the promoter through E2F-this propquires histone deacetylase activity suggests strongly erty causes Rb to act as an active repressor. Interestthat recruitment of HDAC is also an important physioingly, HDAC also binds to the pocket alone, and interaclogic mechanism of repression by Rb. to tether them to the Rbap48/HDAC complex, whereas
Then 5 M NaCl was added to reverse the formaldehyde crosslinking, and DNA was precipitated with ethanol. Pellets were resusRb does not.
pended and treated with proteinase K, extracted with phenol/chloroform, and again ethanol precipitated. Pellets were resuspended in Experimental Procedures 10 mM Tris-HCl and EDTA and subjected to PCR amplification using primers to the MLP. The 5Ј primer was TCCTCGTATAGAAACTCGGA Plasmids CCAC, and the 3Ј primer was GGAAGAGAGTGAGGACGAACG. The Rb constructs, Gal4-PU.1, E2F-CAT, pGL-CAT, pG-CAT, pCAT, resulting product was 248 bp and was separated by agarose gel pSVEC, and pGal4-TK-CAT have been described (Weintraub et al., electrophoresis. 1995; Chow and Dean, 1996; Chow et al., 1996; Starostik et al., 1996) . N35Gal4Mad, n35Gal4MadVP16, and G5MLPCAT were provided by RNA Assays Dr. D. E. Ayer (Ayer et al., 1995) . pBJ5-HDAC1-F was from Dr. S. L.
SAOS-2 cells stably transfected with a tetracycline-repressible Rb Schreiber (Taunton et al., 1996) . The mSin3A expression vector was expression vector and U2OS cells were grown to about 70% conflufrom Dr. R. E. Eisenman (Laherty et al., 1997) .
ence. Tetracycline was removed from the SOAS-2 cells, and, where indicated, Trichostatin A was added. Cells were harvested after 30 Transfection Assays hr, and total RNA was isolated using the High Pure RNA Isolation Cells were cultured and transfected using the calcium phosphate Kit (Boehringer Mannheim). Reverse transcription was done using method as described (Chow et al., 1996) . Treatment with Trichostatin random hexamers with the RETROscript kit (Ambion). Products from A routinely resulted in a 2-fold increase in activity of every reporter the reverse transcription were aliquoted and directly subjected to we tested. One-half microgram of a reporter plasmid containing the PCR amplification for 22 and 28 cycles. PCR products were sepathymidine kinase promoter driving the firefly luciferase gene (TKLuc) rated on a 2% agarose gel. The following forward and reverse primwas cotransfected as an internal control, and luciferase activity was ers (respectively) were used for PCR amplification: E2F-1, 5Ј-CTCG used to normalize CAT activity as described (Chow et al., 1996) .
CAGCTCATCTC-3Ј, 5Ј-ATGAGCTGGATGCCCTCAAG-3Ј (450 bp); One-half microgram of pSVEC and the adenovirus MLP and 1.5 g GAPDH, 5Ј-AACATCATCCCTGCCTCTCTACTG-3Ј, 5Ј-TTGACAAAG of the other reporters were transfected into C33A or CV-1 cells on 60 TGGTCGTTGAGG-3Ј (314 bp); p107, 5Ј-TGGTGTCGCAAATGATGC cm plates. Trichostatin A (Wako BioProducts) (100 nM) was added 5 CTG-3Ј, 5Ј-AGGAGCTGATCCAAATGCCTG-3Ј (363 bp); RR1, 5Ј-TG hr after transfection, and cells were harvested 24-36 hr later. CAT TGGAGGAATTGGTGTTGC-3Ј, 5Ј-TGCGGACACGACCTTGTTTC-3Ј activity was determined as described (Chow et al., 1996) .
(413 bp); PCNA, 5Ј-AAGGACCTCATCAACGAGGC-3Ј, 5Ј-GCA AAT TCACCAGAAGGCATC-3Ј (379 bp); TK, 5Ј-GGAGAGTACTCGGGTT Coimmunoprecipitation Assays GGTGAACTTCC-3Ј, 5Ј-GTTCCGGTCATGTGTGCAGAGGC-3Ј (250 Coimmunoprecipitation assays were done essentially as described bp); DHFR, 5Ј-CAGAGAACTCAAGGAACCTCCAC-3Ј, 5Ј-TTAATGCC (Chow et al., 1996) . Briefly, 3 g of the Mad, Mad-mut, Gal4, and TTTCTCCTCCTCCTGGAC-3Ј (300 bp); B-Myb 5Ј-GATGTGCCGGAG HDAC1 expression vectors and 8 g of the Rb expression vector CAGAGGGATAG-3Ј, 5Ј-GTCCATGGCCCTTGACAAGGTC-3Ј (200 bp). were cotransfected into C33A cells. Cells were harvested 36 hr after transfection in lysis buffer containing 150 mM NaCl (Chow et al.,
